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Prceue siml to tha fo teypQTh oc mInvolved prectation

lil U3f the toxin from the culture with 25 percent ethanol at -5C, extraction with 0.075

ow 7Z 3 M calium chloride at pH 6.5, and reprecipitation of the toxin with 10 percent

I A E3 ethaol at -SC Another precipitation with ethanol at 0 prcent was usd for the

type D. Flock, Yarinsky, and Duff,1 and Gordon et A1s1 isolated a highly purified
lbl n from type E cultures after treating the culture with 0.1 percent trypsin (p11

....... 6.0) for I hours at 37C. Their procedure involved precipitation of the toxin from
the culture with ammonium sulfate at 60 percent saturation, etraction of the toxin
Irom this precipitate with 0.075 M calcium chloride, pH 6.0, and precipitation of

*I: ilrU/AVAILUIULT CCIUE the toxin with ethanol at 25 percent at -5"C, Gerwing. Dolman, and Arnotts. and

Il. &VAL @u VM Gerwing and Dolman and coworkers17 obtained highly purified type E toxin by
precipitation of the toxin from the culture with ammonium sulfate and chroma-
tography of the toxin on DEAE cellulose. Attempts in our laboratory to purify type A
toxin by chromatography on anion-exchange resins were not successful however.

/ Apparently the chemical and physical properties of the different types vary
enough so that no one universal procedure can be used for all types. The details
of the chemical and physical properties are discussed subsequently.

ASSAY. PROCEDURES

When work is carried out on the purification and characterization of the toxins,
reliable assay methods are essential. In general, we use the quantal mouse assay; a
mouse unit (MU), or LD.., is defined as the amount of toxin that will kill 50
percent of a group of mice within 96 hours. Serial dilutions of a toxin solution are
made in distilled water or in a gelatin-phosphate buffer (0.1 percent gelatin in 0.05
M sodium phosphate at pH 6.8) and adjusted so that the challenge dose is contained
in 0.5 milliliter. White mice weighing 16 to 20 grams are injected intraperitoneally
with 0.5 milliliter of the solution to be assayed. Eight or ten mice are usually used
in each group and deaths are recorded for 96 hours. The percent kill is plotted
against the lose on probit-log dose paper with the probit for 100 percent kill taken
as the probit for 5 out of 6 killed plus I prohit unit, and the probit for 0 percent
kill taken as the probit of I out of 6 killed minus Y1 probit unit.' s The best straight
line is fitted by inspection and the (lose corresponding to probit 50 percent is read
off the graph. A plot of this type is shown in Figure 1. A precision of :t25 percent
is attainable with 10 mice on each dilution and sufficient dilutions are used (at
least three) on each side of the 50 rsrcent point to define the course of the line.
For assaying cultures of partially purified preparations or food materials in our labor-
atory, dilution with either buffer or water has been found satisfactory, but for assay-
ing highly purified preparations of the toxin, it is recommended that the above
gelatin-phosphate buffer be used.

A much more rapid method of assay was studied at Fort Detrick (DeArmon et
al.,29 Lamanna et al.20) in which the time from challenge to death was taken as
a measure of the toxin concentration. The a-. ay is applicable to solutions containing
between 100 and 100,000 LD,, in 0.5 milliliter. In this assay 50 mice (for a ±_40
percent error) are injected intraperitoneally with 0.5 milliliter of the solution to be
tested and the time from challenge to death is observed at 5- to 10-minute intervals.
The relationship between time to death and dose is illustrated in Figure 2. The
values .or the MU in this figure are based on the quantal assay. This assay has the
important advantage of obtaining an answer within about I to 4 hours, whereas the
quantal (all or none) assay requires 96 hours. In the quantal assay most of the
mice die in the first 48 hours. The disadvantage of the time-to-death assay is that

PURIFICATION AND CHARACTERIZATION OF
92 C. BOTULINUM TOXINS

, ... . . . ..... . . .



the animals must be observed continually ovr the time period, where" daily obser-
vation is suffient for the quantal assay. The precision of the qtuantal &my is greater
particuLarly when a low percentage error is desired. If large errors (±40 percent) can
be tolerated, both methods give about the same precision for an equal number of
animals. Table 1, presented as a guide only, shows the calculated number of animals
necessary for a certain precision for the two methods. It is based on data obtawed
on several hundred animals."9 It should be pointed out that a linear response can be
accepted only within certain parameters and even within these parieters the
response only approximates linearity.

SI -

7 97.5

6 84
0

0

z
Potency in MU (L~ =1,780,000/m
Probit slope = 6.0 w

16 Q

3 2.5

2 x 100 -0 0.5 X109

DILUTION OF CULTURE

Figu-e I - Typical quantal (all-or.non*) response of mice to dilutions of a culture of type A
botulinum toxin. From preliminary trials the culture was estimated to contain about 2 x 104 MU
per milliliter and dilutions were mode accordingly. In this particular exporiment 79 of 80 mice
died at 0.5 x 106 dilution, 85 of 90 at 106, 43 of 55 at 1.5 x 10', 26 of 45 at 1.75 x 10' ,

and 23 of 30 at 2 a 10'.

On several occasions the question of a standard method of assay has been raised.
Boor, Tresselt, and Schantz' have shown that many factors affect the results of
assiy. A well-defined medium and procedure for assay would be helpful in obtaining
consistent results and in comparing results between laboratories, but the variability
of animals from different sources would necessitate the use of a reference standard
toxin solution to make the comparisons valid. A similar situation was encountered in
the results of mouse assays for the paralytic poison in shellfish products. When a
chemically defined pure poison was used as a standard, satisfactory results between
laboratories were obtained.22 At present, it should be possible to use the type A
crystallized botulinm toxin as a standard for comparison. The purification and
crystallization of many batches of the toxin in our laboratory have shown that the
toxicity, ultra-violet absorption, sedimentation, and other properties define the puri-
Bed protein sufficiently for its use as a standard. Type A toxin crystallized two
times possesses 2.4 X 108 ±20 percent LD,, mouse units per milligram of nitrogen,
has an absorbance of 10.67 per milligram of nitrogen in a 1-centimeter cell at 278
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Figure 2 - Itetionsh;p beweon the dose of boeIanva toin and the time from choleeg. so
death (dose given by Intrperitoneal injection. The dee. In eash can was based on the quebasl

assay.

Table 1 - Precision of the assay 0e*hd in lets of number of animals per osay.

Expected variability Converted to ASsay method
on log dose percentage Craded i Quantal

(95% confidence) error Mice per assay Mice per assay'
-t.025 ±6 1800 369

-_t.050 --12 460 115

-t.100 ±28 114 52

-t_.150 ±42 51 40
-'.200 ±59 30 38
Time to complete assays - 4 hr 98 hr

• The theoretical number includes 30 mice for range finding. The number used it,
aswy yield a response in the range 16 to 84 percent to gain estimated variability.

millimicrons, has a ratio of absorption at 260 nillimicrons to that at 278 miflimicrons
of 0.5 to 0.52, and is a single sedimenting component in the ultracentrifuge with a
sedimentation constant of 17.3 S. Although the physical properties are in no way
a measure of the toxicity, they define the purity of the protein upon which the
toxicity is based.

When working with purified toxin in our laboratory, we have used the absorp-
tion data to measure the toxin concentration of a solution. The absorbance at 278
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millimicr; in a cell with a light path of I centmeter divided by the factor 1.7
gives the conenrtration in milligrams of type A toxin per milliliter.

Thw crystalline toxin dissolved in acetate beaffer at pIE 3.8 has maintained its
toxicity for a year or more. We recently foand that storage of the toxin in buffers
containintj divalent aivon%. such in oxcalate. imparts much wt-ate stability to tha
crystalline toxin in soluttion.2:-

Another method of assay clescrnhed by Cartwright arnd Lauffeiri uses gold fish
and is a iqu-intal assay with a holding period of .36 hours.

A diffictity we have encountered on occasior~s in the assay of the toxin is an
-Unexplainid h-itntiation to the extent of 100 to 1.000-fiol. This potentiation has
been observed b~y others anti is (lisitsMd by Bloor, Tresselt. and Schant..2t Varinuis
proteinaelt-s1 sutlistittices slich as scrutni. meat broth, and peptones have bee-n reported
to he the valise. Oiir erpeflnnc indicated that the ge-latin ii-wi in the bllfers may
have Calmed the potentiation. Wit if it was; the cauuse. the cndtitions uinde-r which it
actcd an- nlot know.n. All exiperiia-ts in (stir laloratoirv to test the potentiation of
various% sttani's faiied to shvow aiiv marke-d effect. Gastric mitt-in showed a poten-
tiation of thret-fold, btt vertain liiff- ,.alt% in the aibseni oif gelatin lowered the
assay valuze to one-tenith that olutaumed il. a -clatiti ph-.plut* l,,fer- Wien one ex-
periences a potentiatiott by thlt addition cof a particular ,.um~etance, to the medium
osed for asdV. it is difficuilt to deta'rmim-ie btber the %-ahue before or after poten-
tiation shotild lie taken t% the i'trn-L oiute. Weet-el. Sterne. anti Pohso -3 expriec
a marked] powuntituon (5,0(9) times) %sith the type D toxin when using a' gelatin-
phosphate hullfer. anid su;guzested that tilt- btuffer nuty c-ause a disvociationt of the
toxin and tliuts bim, abiout ;tit itsrease inl specific toxicity. I wsill pocint out subse-
que(ntly that -tilt- toxinl vatt l6- sissuiated into small uits. huit the-re is no evidence
tha~t the spe-cific toxicity is juicruawdi more than tnsofold or threefold at the most.

CHARACTERIZATION

Some properties oif the miurifiled types. of bottulinum toxin are presented in
Table 2. (See also a revi('w by I Imuut. Consi'hsrale variation exists in their
mol'cuular me iights atwl specific tcixicitiv%. Besides% the- (lilletrulcts in their mwrolical
behavior, the( isolatedl prutvin-i diflhr in their cleunical and physical behavior. As far
a% -we knims all (if tlie pttrified types are simple protein-. anti posesis hemagaduti-
natinuz properties. wiith I -will divscs Liter. Some Eitropean workers have indi-
catedl that type E toxinl is a lipoprotein.

It is dilffctilt to determnine tile puirity aif a niatutral product of this type but certain
criteria have been it%(ed as guidelittesi. -A prvparafion is considered highly purified
when it acts like a single substance in the toxin-antitoxin reaction. in the ultracentri-
fuge, atid ill electrophoresis. Sitce thet t4"ita his it strong absorption at 278 milli-
micrns and .,ntains no nuicleic acidhs, we have utsed the ratio of the absorption at
26() millimic-rotis to that at 278 millinlicrolns as atit tdex (f purity. The lowest value
attained thus% far for thie type A is 0.3. Experiettee has shown that preparations of
type A that give this ratio are ttf equal puirity'.

Mfost of the( studies oti tilt- chemical anud physical properties of the toxins have
been carried otit onl tlt- type- A blecause it was the first one available in purified form
and in stifficient t(tiattity for tlI'M* stuudies. rhe crystals obtained by Lamnanna, McEl-
roy, and Ekitin2 and by Abrams, Kcgeles, and hIottles were white needles about 100
microns in linjt. Kcgclcs.2* antd Puttnam, Lamanna, and Sharp:-', 30 %tttdied some
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of time phyical properties of the type A toxin and found the diffusion coefficient
(D'.,,,) to be about 2 x 10-7 Cm SeC-' and the sedimentation Coefficient
(s'2o.,.) to he 17.3 S. On the hasis of a partial specifc volume of 0.75, the molecu-
lar weaght calculated from S 2 and D20 was 900,000. The Iselectric point was fomd

at pit 5.6.

Table 2 - Comparison of some propeties of f%@ pwifld p uu ms. of4 b1btin. fosin.

Moheclar Specific toxicity Estimated purity
Type wright LD:. ,, per grame of preparation Form

A 9o.,OOOb 3.8 x 10>98 Cystalline

B Similare
to A 38 x 10-' >98 Amorphorons

C 0.7 f1110 ? A.orphorous

D Similar d

tu A 7.5 x 1010 ca 90 Amorphorous

E 19,000, 0.6 x 1010 >90 Amorphorous

F-

'Calculated for the toxin on the basis that each type contains 16 percent nitrogen
([,D,,/mg N x 160)

bilefennce 30).
rReferences II and 5. Lamanna and Glassman isolated type B by another method and

from sedimentation data suggested the molecular weight should be about 60,000.
"Re-ference 13.
"Reference 17.

Buehler. Schant7, and Lamannal1 studied the amino acid composition of the
toxin and found that it is composed of amino acids only and therefore is a simple
protein. They found the toxin containd 16.2 ptrcent nitrogen in contrast to 14.2
percent reported by Abrams. This difference is bMlieved to he due to incomplete
digestion of the toxin by the Kieldahl procedure when a copper catalyst is used
as recommended for other protteins. Use of a mercury catalyst and completion of the
oxidation %%ith a proxide yielded the hicher vale of 16.2. This would indicate that
the toxin st-sws a stncture that is more difficult to oxidize completely than that
povsserd by proteins in general. The analyses for the amino acids were ierformed

by microbiological assay, and since the organisms used were only the natural isomers
of amino acids, it is assumed that the toxin is composed of L-amino acids. The
tonfigZuration of tryptophan and aspartic acid could not be ascertained, however,
bIecaie of the methods itsed for hydrolyse. Table 3 shows the apparent number of
moles of amino acid residues in a mole toxin having a molecular weight of 900,000.
The total nitrugu-n content of 16.2 perent was completely accounted for in the
19 mids listed. Also the total sulfur of 0.436 percent was completely accounted for
in th' vytcine. half-cystine, and methionine content. Cysteine is the limiting amino
acid and a cah ulation of the molecular weight on this basis gave a value of 45,000
or 1/20th of the molcil<ular weight of 900,000.

Further studies c.f the amino acid analysis of the toxin have been made by
Stefanye et al.:I using the chromatographic techniques of Spackl.an, Stein, and
Moore . -' The re ,,lts of these analyses are in general agreement for 14 of the amino
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acids, but some change may he made in the values for tyrosine, phenylalnine, tryp-
tophanc, serine, and glycine.

Table 3 - Apparent numbwt of molo, of amino acid rsidues per mole of Clostridivm beelinvo
type A foxi".4

(MOO Wt 9-00,oO

Lysine 477 Clutamic acid 953

Jlistidine 60 Asparagine 1,370

Arginine 239 Serine 374

Tyrosine. 672 Threonine 642

Phenylalanine 64 Cysteine 20

Tryptophan 82 lialf-cystine 40)
Valine 406 Methionine 84

lemtine 708 Proline 203

Isoleucine 820 Glycine 16

Alanine 394

Total residues ................................... ........................................................ 7,754

81Reference 31.

Attempts to explain the high toxicity of the molecule on the basis of its
chemical and physical properties or its chemical composition have not been fruitful.
No prosthetic group was fouind that could be disassociated from the protein,
although one eomposed of amino acids might exist and this possibility should not be
overlooked in future studies.

Boroff and Fitzgerald ; -: and Boroff '4 found that in many cases where the toxicity
of the molectile was destroyed by treatment the fluorescence was also lost. Their
interpretation of this phenomenon was that toxicity and fluorescence were invested
in a common stnicture and fluorescence was a measure of toxicity. Schantz, Stefanye,
and Spero3 " found that treatments that destroy toxicity usually destroy fluorescence,
but in 6 NI ura the toxin is destroyed without loss of fluorescence. These data indi-
cate that toxicity and fluorescence depenl upon different bonds or structures and
that fluorescence is not a direct measure of toxicity.

Distortion of the molecule by spreading on a large surface' or treatment with
6 M urea at room temperature-"' causes a complete loss of toxicity. Dialysis of the
urea from the protein does not bring about a return of any of the toxicity. Weil et
al. :' found that toxicity is destroyed by photo-oxidation in the presence of methy-
lene blue.

Schantz and Spero 38 studied the reaction of the toxin with ketene and found that
it was readily detoxified with this reagent. When 5 percent of the free amino groups
had reacted with the ketene, 43 percent of the toxicity was lost, and when 19 percent
of the amino groups had reacted, 98 percent of the toxicity had disappeared. Re-
action of the ketene with the phenolic hydroxy and free suifhydryl groups did not
appear to affect the toxicity. Sper and SchantzO found that deamination of the
toxin with nitrous acid cauosd a rapid detoxification, which was interpreted as being
due to deamination. Spero 40 found, on the basis of a thermodynamical considera-
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tio that the decrease in toxicity due tn an increase in pH is asso-ited with the

loization of a small number of the £-amino groups of ysine. The acuimnulatio.
of evidence thus far definitely indicate that the toxicity is a reslt of a purticular
codnformation (coiling and folding) of the molecule, in which the free amino groups.
at least, are involved.

Studies of the stability of the toxin showed that it i' readily denaturd by beat,
strong alkali, and many oxidizing agents. Cartwright and iaufferc' found that the

toxin in solution at p11 6.9 could he heated at 40"C for I hour without loss of tox-

icity, but at 50'C or above a rapid (etoxilkation took place within minutes. These
data are illustrated in Figure 3. The thermil inactivation curves presented by these

investigators indicate that the toxin splits into two components, each having its own
rate of inactivation. Spcmro found that the toxin dissolved in buflered solutions at a

temperature of 15"C and up to pH 10.58 %ere very stable for at least 3 hoazn, but
50 percent of the toXisity was lost at pH 10.79 in 15 minutes, and 90 percent or
more of the toxicity was lost at p11 11.2 in I to 2 minutes. These data are illustrated
in Figure 4.

4'C
100

X

-

0o

0

ULi I I I I

10 20 30

INACTIVATION TIME IN MINUTES

Figure 3 - Thermal inactivation curves for boeflinum fozin, " A. at .s'eml femper at r.
Reference 41. (Courtesy of Society for Experiment0al liey o" Med in.)

An important question often rai,d r-garding the type A toxin is the possi-

bility of this large molecule (mol wt 9(X)ON.) dissociating into smaller units. It is
difficult to understand how a molecule of this size could pass through the intestinal

wall and through the various body membranes to the ,Ate of action '.'.agman and
gateman4 2- ' and ,\agman" were the first to demonstrate in the ultracentrtfuge

at the molecule under the proper conditions of pH and ionic stit gth dissociates

,to small toxic units. Toxin dissolved in buffers in the pH range 6.5 to 8.0 and ionic
strength 0.13 and above gradually dissoc.iates into slowly selimenting units with

,nolecular Weights from 40.00 to 100,000.
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*igure 4 - The inoctivation of bofulinum toxin, typo A. of 15*C at several ph vale.. Refer-
once 40.

Soon after Lamanna obtained the type A in crystalline form and it w.- found
to be homogenous, he also (liscovered 'that it possessed hemagstlitinating properties 4 '

and that these properties could be retained without retention of toxiciiy.4 * " 
47 The

molecule therefore performs two functions that are apparently due to different struc-
tures in the molecule. Since the molecule dissociates into small toxic unit,, under
the proper conditions, the question is raised as to whether the small units are iden-

tical toxic pieces that polymerize to form a large unit with hemagglutinating proper-
ties or whether some of the pi'c'es possess toxic properties and others pq).ss h.img.
glutinating properties. Sufficient data to answer these questions definitely arl' not
available at this time. In our labo)ratories we have attempted to measure the [ilfiion
rate of toxicity and hemagglutination in agar gel and have found that the tie it.

moves much faster than the hemagglutinating properties. In these expe.nment' the . o-

centration was 0.05 millogram per milliliter in 0.1- N phosphate buffer at p1l fi . The
estimated molecular weight of the toxin based on the diffusion rate was between

10,000 and 20,000.48 Heckley. lildebrand. and Lamanna,1 studied the %edimenta-
tion rate of the toxic activity in lymph of orally poisoned rats and concuhded that
the size of the molecule in the lymph must be much smaller than that fed to the
animals. Iiesen, Sumyk, and flawrylewicz:, have shown that the toxin diss.miates

to some extent, at least, into small units when treated for 4 hours' in 0.1 N hydro-
chloric acid and that these small units can be separated from the remaining undis-
sociated toxin under the proper conditions on Sephadex columns. -Recently Wag-
man t obtained a toxic dialyzable unit that has a molecular weight of 3,8(X0 from a
pepsin digest of toxin previously treated in alkali at pl about 9. The yields of the
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aal toxic unit werv very low, but the studies indicate a posible menns o liberating
the toxic entity of the molecule. The existence of a toxic unit of this small size
would mean that all units that might be cleaved .sm the large toxin molecule cmud
not be reprewentative of the parent molecule bemuse of the limiting amount of cys-
teine residues. This means that the character and structure determination of
the toxic entity must await the purifcation of these mall dissociated or cleaved
units In sufficient quantity for these studies. in our laboratories at Fort Detrick
we have prepared m.tny grams of the crystalline toxin with the hope of accomplish-
ing this lntere'tlng task.
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DISCUSSION FROM THE FLOOR

Dr. Schant:: Dr. Foster has asked bout the European workers who published
that the type E toxin is a ipoprotein. As far as we know from our work all types are
simple proteins.

Dr. Dolhan: I have no evidence of the lipoprotein hypothesis. I find it most
interesting that the type A molecule, whoe molecular weight approaches a million,
was very difficult to reconcile with its absorption and wvith an observation nude
during the war by two Canadian workers at Kingtnn that (-.stalline type A toxin
was not toxic for mice by motuth. There i% a poshibility that the toxin can be split into
active components having molecular weights of the order of 20,000 to 70,000. This
is much more physiologically acceptable and is to be correlated with out own un-
published findings that the type E molecule seems to have a molecular weight of
only 19,000. There is no evidence in our work of a lipoprotein structure.

Dr. Lamanna: With type A toxin, a dese perhaps 50.000 times larger is required
to kill mice by mouth than by IP iniecison.

Dr. D. A. Borofl: I wish to side with Dr. Lamanna with regard to oral toxicity.
The crystalline toxin is toxic to mice. In my opinion, only 10 times the IP dose is
necessary to kill the mouse by mouth.

Now, I should like to make a number of other comments abouit Dr. Schantz's
splendid presentation. I was glad to hear that fluorescence is u.d for the estimation
of the purity of the toxin in solution, and that the intravenous route is useful for a
rapid estimation of toxicity. I shold also like to comment about hydrogen bonds and
their importance in toxicity. The present concept of combining sites is not that one
amino acid or a number of amino acids strung side by side make up a combining
site: it is that a group of amino acids may be in the same peptide chain or in the
distal peptide chains, brought together by a hydrogen bond into a configzuration
that makes up a. reactive site. If we break that bond and stretch the molecule of
protein, we then destroy the special configuration of the molecule and, therefore,
may destroy its activity.

We have recentlv completed a piece of work on the toxin Dr. Schantz so
kindly gave us, regarding the role of trlptophan in making the molecule toxic. The
cr~talline toxin is the only preparation worthwhile working with, from the stand-
point of purity, and we have tried to determire the significance of certain amino
acids within the molecule oi the toxin. Our attention was attracted to tryptophan
because fluorescence depends on this amino acid. Whenever we destroyed fluores-
cence we destroyed the toxicity as well. Also, tryptophan is needed in relatively
large amounts in the culture medium for toxin production. Another point is that
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there is a peculiar property of moonin that reduces the efect of the toin when
inkected prior to the toxin. I do not want to xo Into the mechanism, but seicto
is. as you know. a derivative of tryptophan. All this evidence directed out attention
to tryptophan as an ictive amino acid in the torin. We attempted to destroy the
tryptophan in the intact molecule. the only method we found was photo-oxidation.
which Dr Schantz has tried so successfully in cooperation with Dr. WeiL Only the
tryptophan is destroyed by photo-oxidation if the pil is 3.5. We came to the con-

lusilon that when we drntroyed 28 moles of twitophan out 4f about 80 in the mok,-
cule of 900,000 molecular weight, a considerable amount of toxicity was lost. WhVn
we destroyed about 56 molei of tryptophan, we lost 9J percent of the toxicity.

One more thing of interest is the stability of the toxin. It has been said that if
you allow the toxin to warm up the toxicity is lost. My a&&"ant once left the toxin
on the table and forgot to put it in the icebox. To our great surprise, thi sample
showed a higher titer than the sample kept in the ic-box. Now, we routinely warm
up the toxin to room temperature before we test it.
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